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Background:Mdm2 oncogene expression is regulated by p53-dependent and -independent mechanisms.
Results: The NFAT1 transcription factor binds to themdm2 P2 promoter and transactivatesmdm2 independent of p53.
Conclusion: NFAT1 is a transcriptional activator of themdm2 oncogene.
Significance:The identification of p53-independent control ofmdm2 expression by NFAT1 will increase the understanding of
the roles of NFAT1 in cancer.

Although the MDM2-p53 interaction has been well docu-
mented, MDM2 overexpression is observed in human cancers
with little or no functional p53, suggesting that mdm2 expres-
sion is regulated by mechanisms independent of p53. Dysregu-
lation of NFAT signaling is associated with malignant transfor-
mation and cancer development and progression. In this study,
we demonstrate that the humanmdm2 P2 promoter contains a
consensus binding site for the NFAT1 transcription factor.
NFAT1 directly binds the mdm2 P2 promoter in vitro and in
vivo, resulting in the up-regulation of mdm2 transcription.
Enforced expression of NFAT1 results in an elevated MDM2
protein level and reduces p53 activation and function in
response to DNA damage. Both NFAT1 and MDM2 are highly
expressed in human hepatocellular carcinoma tissues, com-
pared with adjacent normal liver tissues. There is a positive cor-
relation between theNFAT1 andMDM2 levels in tumor tissues.
The novel function of NFAT1 in the control of MDM2 expres-
sion provides a basis for future investigations of the role of
NFAT1 in cancer development, progression, and therapy.

Themdm2 (murine double minute 2) oncogene was initially
cloned as a spontaneously amplified gene leading to cellular
transformation (1). MDM2 binds to and targets p53 for protea-
somal degradation and inhibits its transactivational activity
(2–4). However, the role of MDM2 in transformation is not

restricted to its regulation of p53 (5, 6). There is growing evi-
dence thatMDM2may contribute tomalignant transformation
and cancer development and progression through its involve-
ment in other cellular pathways. Genetic data has suggested
that there is a higher incidence of sarcomas in p53-null trans-
genic mice overexpressingmdm2 than in the p53-null mice (7).
In addition, tumors bearing both p53 mutations and mdm2
gene amplifications are more aggressive than those with alter-
ations of only one of the genes (8). Moreover, MDM2 is
involved in the regulation of cell proliferation, cell cycle control,
and apoptosis through interaction with several alternative cel-
lular targets other than p53 (6). High levels of theMDM2 onco-
protein are found in a wide variety of human hematological
cancers and solid tumors. The expression ofmdm2 is known to
be induced by p53 (9), but increasing evidence has supported
that MDM2 gene expression is also regulated by mechanisms
that are independent of p53 (10–15).
The human nuclear factor of activated T cells (NFAT)3 fam-

ily comprises five distinct gene products, from NFAT1 to
NFAT5 (16, 17). The NFAT proteins are phosphorylated and
reside in the cytoplasm in resting cells; upon stimulation, they
are dephosphorylated by calcineurin, translocate into the
nucleus, and become transcriptionally active, thus providing a
direct link between intracellular calcium signaling and gene
expression. NFAT functions are not restricted to the immune
system, as various NFAT isoforms have been detected in vari-
ous tissues such as smooth muscle, blood vessels, pancreas,
heart, and skin. Furthermore, dysregulation of NFAT signaling
is associated with malignant transformation and the develop-
ment of cancer (18, 19). NFAT isoforms are overexpressed in
human solid tumors and hematological malignancies and have
roles in invasive migration and cell survival and in regulating
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the tumor microenvironment (20, 21) and tumor angiogenesis
(22, 23).
NFAT1, the first identified member of the NFAT family, has

well documented roles in the immune system, but its functions
in cancer development and progression remain unclear. It has
been demonstrated that the promoter of cyclin-dependent
kinase 4 presents a consensus-binding site for NFAT proteins
and is negatively regulated by NFAT1 (24). In a mouse model,
NFAT1 knock-out causes hyperproliferative cellular responses,
altered cell cycle control, and increased stage-specific cyclin
expression in lymphocytes, suggesting that NFAT1 plays a
major role in regulating cell cycle progression (25). NFAT1pro-
motes breast cancer cell invasion through the induction of
cyclooxygenase-2 and the synthesis of prostaglandins (26, 27).
NFAT1 also induces human telomerase reverse transcriptase
mRNA expression in activated peripheral blood lymphocytes
(28). In addition, the ectopic activation of NFAT1 activates
c-Myc, which is a critical mechanism for pancreatic cancer cell
growth in vitro and in vivo (29, 30). In our previous work, we
have demonstrated that themdm2 transcription is down-regu-
lated by a dietary isoflavone, genistein, in multiple cancer cell
lines (31). Although the underlying mechanism is not fully
understood, our preliminary results suggest that the NFAT
transcription factors may be involved in the regulation of
mdm2mRNA expression. In the current study, we determined
how the NFAT transcription factor might regulate mdm2 and
further explored the biological consequence of this NFAT1-
mdm2 regulation.

EXPERIMENTAL PROCEDURES

Cells, Plasmids, and Reagents—The NFAT1-inducible cell
line was generated as described previously (27). HCT116 cells
with or without p53 were provided by Dr. B. Vogelstein (The
Johns Hopkins University). MCF7, PC3, and Jurkat cells were
purchased from the ATCC (Manassas, VA). Antibodies were
purchased from BD Biosciences (NFAT1), Santa Cruz Biotech-
nology (p53), Covance (HA), Calbiochem (MDM2), and Sigma
(FLAG,�-actin, andmouse and rabbit IgG). Vectors expressing
HA-NFAT1, CA-NFAT1, and dominant-negative NFAT (DN-
NFAT) were kindly provided by Dr. Chi-Wing Chow (Yeshiva
University). His-NFAT1-DBD plasmid was provided by Dr. A.
Rao (Harvard Medical School). The mdm2 P2 promoter lucif-
erase vectors (Luc01 and Luc03)were provided byDr. J. Blaydes
(University of Southampton). Themdm2 P2 promoter lucifer-
ase vector lacking the NFAT1 binding site was generated by
site-directed mutagenesis.
Immunoblotting—Plasmids were transfected into cells using

Lipofectin (Invitrogen) as indicated. The cells were collected at
the indicated times post-transfection and lysed inNonidet P-40
lysis buffer containing a protease inhibitormixture fromSigma.
Cell lysates were used for immunoblotting as described else-
where (32).
Colony Formation, Apoptosis, Quantitative PCR, and Lucif-

erase Reporter Assays—The colony formation assay, cell apo-
ptosis assay, quantitative PCR assay, and luciferase reporter
assay were performed as described previously (31).
Chromatin Immunoprecipitation Assay—The chromatin

immunoprecipitation assay was performed in HCT116 and

PC3 cells as indicated. The cells were cross-linked with 1%
formaldehyde for 10 min at 37 °C and harvested in sodium
dodecyl sulfate lysis buffer (Millipore), and then the DNA was
shredded to fragments of 200 base pairs by sonication.Antibod-
ies against NFAT1, HA, or nonspecific IgGwere added, and the
precleared chromatin was incubated overnight. Protein G-aga-
rose beads were added and incubated for 1 h at 4 °C. After
reversing the cross-links, the DNA was isolated and used for
polymerase chain reaction (PCR). Specific primer pairs were
designed as follows: 5�-cccccgtgacctttaccctg-3� and 5�-agccttt-
gtgcggttcgtg-3� for qualitative or quantitative PCR amplifica-
tion of the responsive element of themdm2 promoter.
Electrophoretic Mobility Shift Assay (EMSA)—Nuclear

extracts of Jurkat cells were prepared as described (10). The
expression and purification of the His-NFAT1-DBD recombi-
nant protein was performed as described previously (33). For
the protein-DNA binding reaction, prepared nuclear extracts
or recombinant proteins were preincubated with 1 �g of poly-
(dI:dC) (Pierce) and then reacted with a biotin-labeled NFAT1
probe at room temperature for 30 min. For the competition
assay, a 100-fold molar excess of cold probes was preincubated
with the samples for 10 min. The incubated samples were sep-
arated by 5% non-denaturing PAGE and transferred to Biodyne
B nylon membranes. The signals were observed using a Light
Super-shifted module kit (Pierce). The sequences for the bio-
tin-labeled probe and unlabeled wild-type competitor were as
follows: NFAT1 WT (forward, 5�-gcaggttgactcagcttttcctcttga-
gctggtcaagttca-3�; reverse, 5�-tgaacttgaccagctcaagaggaaaagctg-
agtcaacctgc-3�); unlabeled mutant competitor (forward, 5�-
gcaggttgactcagctttagatcttgagctggtcaagttca-3�; reverse, 5�-tgaa-
cttgaccagctcaagatctaaagctgagtcaacctgc-3�). Themutated site in
the probe is underlined.
Tissue Microarrays and Immunohistochemistry—This study

was approved by the Institutional Review Board of Zhong Shan
Hospital (Fudan University). The clinicopathologic character-
istics of the patients were summarized previously (34). The tis-
sue microarray was constructed as described previously (34).
Statistical Analysis—The statistical analyses were done using

the SPSS 17.0 software program. The �2 test, Fisher’s exact
probability, and Student’s t test were used for comparisons
between groups. p � 0.05 was considered to be statistically
significant.

RESULTS

NFAT1 Up-regulates MDM2 Expression—To demonstrate
that NFAT1 regulates MDM2 protein expression in a p53-in-
dependent manner, we transiently transfected HCT116
(p53�/� andp53�/�) cellswith increasing amounts of aNFAT1
plasmid (HA-NFAT1). As shown in Fig. 1A, NFAT1 overex-
pression up-regulated the MDM2 protein levels in both
HCT116 p53�/� and HCT116 p53�/� cells. The expression of
p53 protein was down-regulated by NFAT1 transfection in
HCT116 p53�/� cells (Fig. 1A). We confirmed the up-regula-
tion of MDM2 protein levels by NFAT1 using a constitutively
activated NFAT1 vector (CA-NFAT1) in HCT116 p53�/� cells
(Fig. 1B). We then demonstrated that DN-NFAT, the compet-
itive form of wild-type NFAT, inhibited the MDM2 protein
levels inHCT116 p53�/� cells (Fig. 1C). Knockdown ofNFAT1
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in PC3 (p53null) cellswith a specific interferingRNAdecreased
the MDM2 protein levels in a dose-dependent manner (Fig.
1D). Because NFAT is primarily regulated by calcineurin in the
cells, we next wanted to know whether modification of the cal-
cineurin activity would affect the MDM2 protein levels.
HCT116 (p53�/�) and PC3 (p53 null) cells were treated with
increasing concentrations of cyclosporine A (CsA), a calcineu-
rin activity inhibitor, and the result showed that CsA decreased
the MDM2 protein levels in a dose-dependent manner (Fig.
1E). To demonstrate that NFAT1 may mediate the increase in
theMDM2 protein levels induced by calcineurin activation, we
knocked down NFAT1 in HCT116 p53�/� cells and then
treated the cells with ionomycin, a calcineurin activator. The
result showed that NFAT1 knockdown remarkably suppressed
the ionomycin-mediated up-regulation of MDM2 protein level
compared with cells treated with the control siRNA (Fig. 1F).
Consistent with the results of the knockdown experiment, CsA
treatment attenuated the up-regulation of the MDM2 protein
level by ectopic expression ofNFAT1 (Fig. 1G). Taken together,
these results indicate that NFAT1 positively regulates the
expression of the MDM2 protein.
NFAT1 Induces mdm2 Transcription—To demonstrate that

NFAT1 regulates MDM2 protein expression at the transcrip-
tional level, we transfected HCT116 p53�/� and p53�/� cells
with HA-NFAT1 and DN-NFAT plasmids and determined the
mdm2 mRNA levels in transfected cells. The results showed
that NFAT1 overexpression increased, whereas NFAT1 inhibi-
tion decreased themdm2mRNA levels (Figs. 2,A andB). There
was no significant difference of mdm2 mRNA expression

increased byNFAT1 between p53�/� and p53�/� cells. To fur-
ther confirm that endogenous NFAT1 regulates MDM2 tran-
scription independent of p53, we treated PC3 and HCT116
p53�/� cells with CsA and then determined themdm2mRNA
levels. As shown in Fig. 2C, CsA treatment decreased themdm2
mRNA levels in both PC3 and HCT116 p53�/� cells. To dem-
onstrate that NFAT1 is a potential transcriptional activator of
mdm2, we performed a transcription factor binding site analy-
sis for the mdm2 promoter using the TFSEARCH online soft-
ware program. As shown in Fig. 2D, a putative NFAT1 binding
site was identified within the region from �109 to �105 bases
of themdm2 P2 promoter. To confirm that NFAT1 binding to
this site regulates mdm2 transcription, HCT116 p53�/� and
p53�/� cells were transfected with NFAT1 and the full-length
(Luc 01), deleted (Luc 03), or mutant (Luc01-�NFAT1)mdm2
P2 promoter luciferase vectors. We observed that NFAT1
increased the MDM2 luciferase activity in those transfected
with the full-length mdm2 P2 promoter luciferase vector (Luc
01) in a dose-dependent manner (Fig. 2E). NFAT1 increased
MDM2 luciferase activity almost equally in HCT116 p53�/�

and p53�/� cells. The mdm2 P2 promoter deletion (Luc 03)
appeared to be as efficient as Luc 01, likely because the putative
NFAT1 binding site resides in this region.However, themutant
luciferase vector lacking NFAT1 binding site was unable to
increase the MDM2 luciferase activity (Fig. 2E).
To demonstrate that manipulating NFAT1 activity would

affectmdm2 transcription,we transfectedHCT116p53�/� and
p53�/� cells with a combination of NFAT1 and DN-NFAT
plasmids. As shown in Fig. 2F, enforced expression of NFAT1

FIGURE 1. NFAT1 induces MDM2 expression. A, HCT116 (p53�/�and p53�/�) cells were transiently transfected with increasing amounts of an HA-tagged
NFAT1 plasmid (0, 3, and 5 �g) for 24 h. The transfected NFAT1, MDM2, and p53 protein levels were detected by Western blot using antibodies against HA,
MDM2, and p53. B, HCT116 (p53�/�) cells were transfected with increasing amounts of a HA-tagged constitutively activated NFAT1 (CA-NFAT1) plasmid (0, 3
and 5 �g) for 24 h. The transfected CA-NFAT1 and MDM2 protein levels were detected by Western blot using antibodies against HA and MDM2. C, HCT116
(p53�/�) cells were transfected with the FLAG-tagged dominant-negative NFAT (DN-NFAT) plasmid for 24 h. The transfected DN-NFAT and MDM2 protein
levels were detected by Western blot using antibodies against FLAG and MDM2. D, PC3 (p53 null) cells were transfected with increasing amounts of NFAT1
siRNA (si-NFAT1) (0, 25, 50 nM) for 36 h. The NFAT1 and MDM2 protein levels were detected by Western blot using antibodies against NFAT1 and MDM2.
E, HCT116 (p53�/�) and PC3 (p53 null) cells were treated with CsA (0, 1, and 2 �M) for 24 h. The cells were then collected, and the NFAT1 and MDM2 protein levels
were detected by Western blot using antibodies against NFAT1 and MDM2. F, HCT116 (p53�/�) cells were transfected with NFAT siRNA (si-NFAT1) (50 nM) for
36 h, and then the cells were treated with ionomycin (ION; 4 �M) for another 24 h. The NFAT1 and MDM2 protein levels were detected by Western blot using
antibodies against NFAT1 and MDM2. G, HCT116 (p53�/�) cells were transfected with the HA-tagged NFAT1 plasmid (5 �g) for 24 h. The cells were treated with
CsA (2 �M) for another 24 h. The NFAT1 and MDM2 protein levels were detected by Western blot using antibodies against HA and MDM2.
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increased the MDM2 luciferase activity, whereas simultaneous
expression of DN-NFAT significantly antagonized this change.
We also observed that CsA treatment antagonized theNFAT1-
mediated increase in theMDM2 luciferase activity (Fig. 2G). To
demonstrate that the activation of physiological NFAT1 pro-
motes MDM2 transcription, we treated HCT116 p53�/� cells
with ionomycin in the presence or absence of CsA. We found
that ionomycin treatment up-regulated the MDM2 luciferase
activity, whereas the simultaneous treatment with CsA down-
regulated the MDM2 luciferase activity (Fig. 2H). Together,
these results indicate that NFAT1 transcriptionally activates
mdm2 independent of p53.
NFAT1 Binds to mdm2 P2 Promoter—We next performed a

ChIP assay to determine the binding of NFAT1 to themdm2 P2
promoter. As shown in Fig. 3A, endogenous NFAT1 from PC3
cells specifically bound to the P2 promoter of MDM2. We fur-
ther confirmed this binding using exogenous NFAT1. Trans-
fection of HCT116 p53�/� and p53�/� cells with an
HA-NFAT1 plasmid, followed by immunoprecipitation (IP)

with an HA antibody showed that there was specific binding
between ectopic NFAT1 and themdm2 P2 promoter, whereas
IP with the IgG control showed no binding (Fig. 3B). To deter-
mine the interaction between NFAT1 and the mdm2 P2 pro-
moter in response to NFAT1 activation, we treated PC3 cells
with ionomycin, alone or together with CsA, and then analyzed
the relative enrichment of NFAT1 on the mdm2 P2 promoter
using a quantitative PCR analysis combined with a ChIP assay.
The results showed that ionomycin treatment significantly
recruited NFAT1 to the mdm2 P2 promoter, which was abol-
ished by CsA treatment (Fig. 3C).
We further performed anEMSAassay to confirm the binding

between NFAT1 and the mdm2 P2 promoter. The purified
NFAT1 DNA binding domain (NFAT1-DBD) protein was
incubated with a biotin-labeled mdm2 probe in vitro. The
results showed that NFAT1-DBD bound to themdm2 probe in
a dose-dependent manner and that the binding was obviously
antagonized by the presence of excessive unlabeled competitor
probe (Fig. 3D). We demonstrated that the unlabeled wild-type

FIGURE 2. NFAT1 up-regulates mdm2 transcription. A, HCT116 (p53�/� and p53�/�) cells were transfected with the HA-NFAT1 plasmid for 24 h. The relative
mRNA levels of mdm2 were determined by real-time quantitative PCR. B, HCT116 (p53�/� and p53�/�) cells were transfected with the DN-NFAT plasmid for
24 h. The relative mRNA levels of mdm2 were determined by real-time quantitative PCR. C, PC3 and HCT116 (p53�/�) cells were treated with CsA (2 �M) for 24 h.
The relative mRNA levels of mdm2 were determined by real-time quantitative PCR. D, the structure of the mdm2 P2 promoter and the luciferase reporter
vectors. E, HCT116 (p53�/�and p53�/�) cells were transfected with the NFAT1 plasmid (0, 3, and 5 �g) combined with a luciferase (Luc) reporter vector as
indicated. At 24 h after transfection, the cells were harvested, and the relative luciferase levels were determined using a dual-reporter gene detection system.
F, HCT116 (p53�/�and p53�/�) cells were co-transfected with a combination of NFAT1, DN-NFAT, and a luciferase reporter plasmid for 24 h. The relative
luciferase levels were then determined using a dual-reporter gene detection system. G, HCT116 (p53�/�) cells were transfected with the NFAT1 plasmid (0, 3,
and 5 �g) with a luciferase reporter vector for 24 h. The cells were treated with CsA (2 �M) for an additional 24 h, and then the cells were harvested, and the
relative luminescence units (RLU) were determined using a dual-reporter gene detection system. H, HCT116 (p53�/�) cells were transfected with a luciferase
reporter plasmid for 24 h, followed by treatment with ionomycin (4 �M) with or without CsA (2 �M) for 24 h. The cells were harvested, and the relative luciferase
levels were determined using a dual-reporter gene detection system.
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competitor probe could antagonize the binding of NFAT1-
DBD to the probe in a dose-dependent manner, whereas the
unlabeled mutant competitor probe could not, indicating that
the interaction is dependent on the NFAT1 binding site on the
probe (Fig. 3E).

We also determined the binding between endogenous
NFAT1 and themdm2 probe using the EMSA assay. Consistent
with the results obtained using in vitro-purified NFAT1-DBD,
the nuclear extracts from Jurkat cells showed obvious binding
to the mdm2 probe, and the unlabeled wild-type competitor
probe could antagonize this binding (Fig. 3F). In addition, the
nuclear extracts from ionomycin-treated Jurkat cells showed
enhanced binding to the mdm2 probe, whereas simultaneous
treatment with CsA inhibited the binding (Fig. 3G). We also
demonstrated that the unlabeled mutant competitor probe
could not antagonize the binding between endogenous NFAT1
and the mdm2 probe. However, preincubation with the anti-
NFAT1 antibody efficiently prevented the binding between
endogenous NFAT1 and the mdm2 probe (Fig. 3H). These
results demonstrate that NFAT1 binds to the mdm2 P2 pro-
moter both in vitro and in vivo.

NFAT1-MDM2 Pathway Inhibits p53 Activation and
Function—To demonstrate the biological consequence of the
NFAT1-mediated up-regulation of MDM2, we transfected
HCT116 p53�/� cells with anNFAT1 plasmid and detected the
p53 protein levels by immunoblotting. As shown in Fig. 4A,
overexpression of NFAT1 increased the MDM2 but decreased
the p53 protein levels. We confirmed that the decrease in p53
induced by NFAT1 overexpression was due to MDM2 up-reg-
ulation because the knockdown of MDM2 by a specific anti-
sense oligonucleotide reversed the NFAT1-mediated decrease
in the p53 protein level. We further demonstrated that the
MDM2-p53 interaction was responsible for the down-regula-
tion of p53 byNFAT1.Nutlin-3, a specificMDM2 inhibitor that
disrupts the MDM2-p53 interaction, restored the p53 protein
expression in the presence of NFAT1 (Fig. 4B).
We then generatedMCF7 cells that had inducible expression

of NFAT1 to determine the effects of theNFAT1-MDM2 path-
way on p53 activation and function under stress. As shown in
Fig. 4C, various NFAT1-inducible clones were established, and
two of these were used for the further investigations. The
induced expression of NFAT1 increased MDM2 level and

FIGURE 3. NFAT1 directly binds to mdm2 P2 promoter. A, PC3 cell lysates were immunoprecipitated with NFAT1 or IgG antibodies. The DNA bound to the
endogenous NFAT1 was eluted and detected with primers specific for the mdm2 P2 promoter using PCR. NFAT1 RE, NFAT1 responsive element. B, HCT116
(p53�/�and p53�/�) cells were transfected with the HA-NFAT1 plasmid for 24 h. The transfected cell lysates were immunoprecipitated with HA or IgG
antibodies. The DNA bound to the exogenous NFAT1 was eluted and then detected using primers specific for the mdm2 P2 promoter by PCR. C, PC3 cells were
pre-treated with CsA (2 �M) for 30 min and then followed by treatment with ionomycin (4 �M) for 6 h. The cell lysates were immunoprecipitated with NFAT1 or
IgG antibodies. The DNA bound to the endogenous NFAT1 was eluted and quantified using primers specific for the mdm2 P2 promoter by real-time PCR.
D, increasing amounts of NFAT1-DBD proteins (0, 15, 30, and 60 ng) were incubated with an mdm2 probe in the presence or absence of a competitor probe. An
EMSA assay was performed to detect the binding between the NFAT1-DBD protein and the mdm2 probe. E, His-NFAT1-DBD protein (60 ng) was incubated
with the mdm2 probe in the presence or absence of increasing levels of wild-type or mutant competitor probes (100- and 200-fold molar excess of
biotin-labeled probes). An EMSA assay was performed to detect the binding between the NFAT1-DBD protein and the mdm2 probe. F, the nuclear
extract (NE) from Jurkat cells was incubated with the mdm2 probe in the presence or absence of the competitor probe. An EMSA assay was performed
to detect the binding between the endogenous NFAT1 protein and the mdm2 probe. G, nuclear extracts from Jurkat cells treated with ionomycin (ION)
in the presence or absence of CsA were incubated with the mdm2 probe. An EMSA assay was performed to detect the binding between the endogenous
NFAT1 protein and the mdm2 probe. H, nuclear extracts from Jurkat cells were incubated with the mdm2 probe in the presence or absence of a NFAT
antibody (Ab) with the wild-type or mutant competitor probe. An EMSA assay was performed to detect the binding between the endogenous NFAT1
protein and the mdm2 probe. Mut, mutant.
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attenuated etoposide-induced p53 activation (Fig. 4D). Etopo-
side did not affect NFAT1 level in HCT116 (p53�/� and
p53�/�) and PC3 (p53 null) cells (data not shown). The results
of a colony formation assay showed that the inducible expres-
sion of NFAT1 promoted colony formation and protected the
cells from etoposide-induced cell death (Fig. 4E). We further
demonstrated that the effects of the induction ofNFAT1on cell
growth were due to decreased apoptosis of the cells. As shown
in Fig. 4F, treatment with etoposide for 48 h induced a high
percentage of apoptotic cells, whereas the apoptotic rate
decreased in the presence of induced NFAT1. The inhibitory

role of the inducible NFAT1 on etoposide-induced cell apopto-
sis was also confirmed by the decreased level of cleaved
poly(ADP-ribose) polymerase, which is a critical effector for
apoptosis.
Correlation between NFAT1 and MDM2 Expression in Clin-

ical Hepatoma Tissues—We further performed a tissue
microarray and immunohistochemical staining to examine the
expression of NFAT1 in human hepatocellular carcinoma tis-
sue samples. NFAT1was stained in the cytoplasm or nucleus of
tumor cells and exhibited a variety of staining patterns with
respect to the staining intensity and percentage of positive cells

FIGURE 4. NFAT1 destabilizes p53 through its up-regulation of MDM2. A, HCT116 (p53�/�) cells were transfected with the NFAT1 plasmid (5 �g) in
combination with an antisense oligonucleotide targeting mdm2 (50 nM) for 24 h. The levels of the MDM2 and p53 proteins were detected by Western blotting.
B, HCT116 (p53�/�) cells were transfected with the NFAT1 plasmid (5 �g), and then 24 h after transfection, the cells were treated with Nutlin-3 (10 nM) for
another 12 h. The levels of the MDM2 and p53 proteins were detected by Western blot. C, various NFAT1 inducible MCF7 clones were induced with tetracycline
(Tet; 1.0 �g/ml) for 24 h. The levels of MDM2 proteins were detected by Western blot. D, NFAT1-inducible MCF7 clones 4 and 20 were treated with etoposide
(Eto; 100 �M) for 24 h in the presence or absence of tetracycline (1.0 �g/ml). The expression levels of MDM2 and p53 proteins were detected by Western
blotting. E, NFAT1 inducible MCF7 clones 4 and 20 were seeded at 1000 cells/well and continuously cultured for 10 days and then treated with etoposide (100
�M) for 6 h. The medium was then changed, and the cells were cultured for another 6 days. The colonies in each well were fixed and stained with crystal violet.
F, NFAT1-inducible MCF7 clones 4 and 20 were treated with etoposide (100 �M) for 48 h in the presence or absence of tetracycline (1.0 �g/ml). The cells were
stained with annexin V/propidium iodide to evaluate their rate of apoptosis, and the stained cells were detected by flow cytometry. PARP, poly(ADP-ribose)
polymerase.
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(Fig. 5A). We observed that 63.8% (155 of 243) of the hepato-
cellular carcinoma patient samples had positive scores for
NFAT1. Most of the peritumoral tissues showed no or low
NFAT1 expression, with only 55 of 251 samples showing posi-
tive expression. There were significant differences in NFAT1
expression between the tumor and peritumoral tissues (Fig. 5B;
p � 0.000). The staining for NFAT1 and MDM2 was simulta-
neously positive in 145 of the 243 tumor tissue samples, of
which 69 cases were p53 negative (69 of 122) and 76 cases were
p53 positive (76 of 121). The MDM2 expression showed a sig-
nificant correlation with the NFAT1 expression, regardless of
the p53 status (Fig. 5C; p � 0.000).

DISCUSSION

In this study, we identified and validated NFAT1 as a novel
transcription factor for themdm2 oncogene. The activation or
overexpression ofNFAT1 resulted in elevatedmdm2 transcrip-
tion. This study describes at least five new discoveries. First, an
NFAT consensus binding site was identified within the mdm2
P2 promoter. Second, NFAT1 directly bound to the mdm2 P2
promoter and transactivated mdm2. Third, the activation of
NFAT1 up-regulated whereas inactivation of NFAT1 down-
regulated theMDM2protein level. Fourth, theNFAT1-MDM2
pathway inhibited p53 activation and function in response to

DNA damage. Finally, the NFAT1-MDM2 pathway was dem-
onstrated to be active in human hepatocellular carcinoma. In
general, these results help provide a better understanding of the
p53-independent regulation of the mdm2 oncogene. In addi-
tion to their well documented role in T cell activation, NFAT
proteins are now being increasingly recognized for their impli-
cations in tumorigenesis. Considering that high levels of
NFAT1 and MDM2 proteins have been observed in various
human cancers (18, 19), the identification of the NFAT1-
MDM2 pathway provides evidence of a novel function for
NFAT1 and a mechanism for the p53-independent regulation
of MDM2.
A role for the calcineurin-NFAT signaling pathway in cancer

has been suggested (18). In this study, we have extended the
knowledge on the role of the calcineurin-NFAT pathway in the
regulation of cancer development and progression and identi-
fied that it modulates the transcription of themdm2 oncogene.
Despite the previously described roles of this pathway in regu-
lating COX-2 (26, 27), c-Myc (29, 30), and more recently,
p15INK4b (35), to the best of our knowledge, this is the first
report to show the direct transcriptional activation ofmdm2 by
NFAT1. The calcineurin-NFAT-MDM2 axismay constitute an
intrinsic pathway that links NFAT1 to cancer. The ability of

FIGURE 5. The correlation between NFAT1 and MDM2 expression in human hepatocellular carcinoma. A, representative images of the NFAT1, MDM2, and
p53 staining in tissue microarrays as determined by an immunohistochemical analysis. B, the rate of positive NFAT1 staining in the tumor and adjacent normal
tissue samples. C, the clinical correlation of the NFAT1 and MDM2 expression levels in hepatocellular carcinoma.

NFAT1 Regulates mdm2

30474 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 36 • AUGUST 31, 2012



mdm2 to be up-regulated by a variety of mechanisms and to
mediate p53-independent oncogenic effects could be a reflec-
tion of its more pervasive role in tumorigenesis than has previ-
ously been believed.
The overexpression ofmdm2 in cancer is not always depend-

ent on p53 because p53 is mutated in more than half of human
tumors (36). Our findings that NFAT1 can directly bind to
mdm2 P2 promoter, up-regulate the basal level of MDM2, and
inhibit p53-mediated apoptosis suggest an important patho-
genic role forMDM2 in cancer development driven by aberrant
NFAT1 activation. Previously, a single nucleotide polymor-
phismwithin themdm2 promoter (SNP309) was demonstrated
to have enhanced affinity for the transcription factor Sp1,
which increasesmdm2 expression and was shown to be associ-
atedwith accelerated tumor formation (37). The stabilization of
p53 after DNA damage is impaired in cells homozygous for
SNP309. Although our data demonstrated the positive regula-
tion of MDM2 by NFAT1, and a high correlation of NFAT1
with MDM2 expression in human hepatocellular carcinoma,
whether MDM2 overexpression is caused by aberrant NFAT1
activation (high affinity for the mdm2 P2 promoter) in cancer
patients still needs to be investigated in further studies.
An elevatedMDM2 level has been suggested be a prognostic

factor for cancer; however, the mechanism(s) responsible for
this effect have remained unclear. The current study, together
with the previous work by other investigators, provides a basis
for understating the increased level of MDM2 expression in
cancer, particularly late-stage and metastatic cancer (13), in
whichmdm2 is regulated independent of the p53 status. More-
over,MDM2 has been suggested to be an ideal target for cancer
therapy because of its diverse oncogenic roles (38). The previ-
ous anti-cancer strategies that were based on disturbing the
MDM2-p53 interaction may be beneficial to those cancer
patientswhoharbor functional p53, however, would not benefit
the population expressing little or no functional p53. Alterna-
tive approaches that target the p53-independent regulation of
MDM2 represent a new direction for MDM2 inhibitor design
and development.
The roles of NFAT1 in carcinogenesis, cancer development,

and progression, and clinical relevance remain elusive. In our
study, we found a higher positive rate of NFAT1 in primary
hepatoma tissues than adjacent non-tumor tissues, which is
correlated with increased MDM2 level in tumor. Baumgart et
al. (35) report that theNFAT1protein levels are up-regulated in
human advanced pancreatic cancer and positively related to
disease progression. Chen et al. (39) report that the positive rate
of NFAT1 is significantly higher in non-small cell lung cancer
tissues than adjacent normal lung tissues and also linked to
disease progression and patient survival. However, Maxeiner et
al. (40) report that NFAT1 mRNA level is decreased in bron-
chial adenocarcinoma issues comparedwith control tissues and
pneumonia tissues. In the same report, transgenic mice lacking
NFAT1 were shown to have more and larger bronchioalveolar
adenocarcinoma than wild-type littermates, which may be
associated with the immunomodulatory function of NFAT1. In
contrary, Gerlach et al. (41) suggest that NFAT1-deficientmice
are protected from colitis-associated colon cancer develop-
ment compared with wild-type animals. In brief, NFAT1

expression and activationmay be tumor specific and stage-depen-
dent. Future studies need to clarify the role of NFAT1-MDM2
pathway in cancer onset, development, and progression.
In conclusion, in this study, we have demonstrated that the

calcineurin-NFAT1 pathway regulatesMDM2 transcription by
a p53-independent mechanism. The identification of this cal-
cineurin-NFAT1-MDM2 axis provides additional information
that will increase the understanding of the p53-independent
control ofmdm2 expression in cancer and the roles of NFAT1
in cancer development and progression.
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